Despite popular belief, space missions are not always one-of-a-kind, but are frequently benefiting from explicit or implicit reuse of different types. The Venus Express mission is one example of cost savings by reusing existing hardware in a new mission context. Other examples are based on the platform approach, popular, for example, in geostationary telecommunication satellites, which benefits from a pre-planned reuse and its application to a family of missions with commonality. While the latter is handled more strategically, promising more gain in its execution, the Venus Express example is more of an ad hoc nature. Given the increasing importance of design reuse, the practical question to be answered in this article is how to promote it using effective engineering methods and processes. Model-based systems engineering often advertises itself as especially beneficial to reuse projects and we provide a systematic review of the respective capabilities in this article. Furthermore, we describe two reuse application examples: an asteroid nanolander based on the Mobile Asteroid Surface Scout lander currently flying onboard Hayabusa2 and a Small Satellite Platform for Earth science missions. With Mobile Asteroid Surface Scout's heritage generating strong interest for future small body missions, this creates a case for what we call ad hoc reuse. Conversely, the Small Satellite Technology Platform, which is currently in its definition phase, can be classified as systematic reuse case with the aim of developing a commonality-based small satellite family, suitable for a set of rapidly recurring missions in low Earth orbit. Our study of the Mobile Asteroid Surface Scout-2 reuse case has provided insights into reuse requirements, which are mapped to typical model-based systems engineering features that create value beyond those offered by classical approaches. The article identifies key areas where model-based systems engineering provides benefits in reuse cases: requirements reuse, system context analysis as well as interface compatibility checking. It further outlines an overall approach regarding tools and development processes.
Introduction

Current status quo regarding reuse approaches in space systems development
Reuse is one of the many key factors contributing to cost reduction in many industries and as such is not a new topic, not even in space business, although it has gained increased attention in the last years with the ever-increasing pressure to accomplish more with the given funds. This is especially true for the solar system 1 science and exploration branch, where funds are not directly attributed to any return of investment, but rather to an advancement of the scientific body of knowledge which is not directly measurable in terms of money. A popular belief in this section is that deep space probes and missions are always one-of-a-kind unique productions, but this is not entirely true. One very successful counterexample has been the European Space Agency (ESA) Venus Express (VEX) mission. In 2001, ESA issued a call for ideas regarding proposals to reuse the Mars Express (MEX) flight spare model. The platform had to be used without modifications and had to incorporate readily available payloads, to guarantee that the project would be running up to full speed with release of the spare parts right after launch of the Mars orbiter in 2005. The conditions for reuse assumed given performance characteristics of MEX for attitude control, propulsion subsystem, data handling hardware (HW) and software (SW), power and thermal subsystem (McCoy, 2001 ). The items normally most prone to extensive redesign were kept constrained, for example, the structural concept and propulsion layout, the spacecraft (S/C) electrical architecture, the core functions of the SW and its operational modes. Also, the launcher was kept as a constant in order to avoid mechanical re-qualifications, for example, in sine and acoustic vibrations. Instruments were constrained to the existing mechanical envelopes, data and power interfaces as well as to what they could require regarding electromagnetic compatibility (EMC) or magnetic cleanliness. Particular points that would have to be clarified in the reuse case considering the individual environment and payload configuration were thermal envelopes, power generation, platform operations and experiment mounting and stability needs, among others. The winner after an initial study phase was VEX, which was launched in November 2005 after a design and development phase of less than 3 years, as compared to the 5 years of development time for MEXwhich itself was already built more quickly than many other missions (ESA, 2001) . In order to cope with the differences in environmental conditions as they would be encountered at Venus as compared to Mars, some minor modifications were introduced to the MEX system design, for example, the solar panel size was decreased due to the smaller distance to the Sun and the radiator sizes were increased to cope with the higher radiation input without risking system overheating and keeping the system within the existing thermal limits (European Space Agency, 2001) . In general, the early years and fast growth and progress of spaceflight, especially in the planetary exploration segment, were mostly based on an aggressive ad hoc reuse of existing assets combined with visionary anticipation of strategic reuse at least of mission designs. As soon as computing and thus SW development had to enter the realm of flight units, concepts of strategic reuse became vital to success, most prominently also visible in the Apollo missions (Hall, 1996) .
In Earth orbital systems design, especially in the commercial market, the practical implementation of reuse is much more advanced. Often it leads to the development of so-called multi-mission platforms, that is, satellite platforms that are designed to provide flexibility and scalability in order to fulfil different mission objectives in the market segments of telecommunication, navigation and science. According to web statistics (Krebs, 2016) , currently around 86 satellite platforms are available and in practical use around the globe ranging from micro-satellites such as the Astrium AstroSat-100 (Myriade; Maliet et al., 2008) satellite, the OHB Innosat (OHB Sweden, 2013 ) and the SN-50 from Sierra Nevada Corporation Space Systems (Sierra Nevada Corporation, 2015) to M-and L-Class platforms such as the SmallGEO/LUXOR platform (OHB; OHB System, 2010) or the PRIMA Bus (ASI; Galeazzi, 2000) . Typically, the platforms are designed to cater to a list of basic requirements, that is, the commonality of the product family, with customization required for every mission to adapt to the mission-distinctive requirements.
In conclusion, reuse in itself is not a new topic, not even in space systems design. In fact, reuse is a natural thing in system design and engineering in general. Often when designing a new system, engineers select parts and components from a catalogue of tested and certified equipment, be it off-the-shelf or in-house equipment. The selection made is based on the specifications and requirements as solicited during the system decomposition. Only in case the requirements cannot be fulfilled at all, equipment is developed from scratch. Typically, the overall system is then built-up from these catalogue components, with the system performance emerging from the interplay of subsystems and their respective performances. At this point in time, systems become unique or distinct, with the distinctiveness determined by the combination of components and the complex systems emergent behaviour. Especially in planetary science and exploration system development, the resulting system-level emergent behaviour should fulfil the mostly unique mission and system-level requirements that have been derived from the main scientific objectives.
So evidently, reuse is a very complex term, prone to a more detailed systematic investigation. If used and described in literature, reuse is often discussed in either two areas: reusable systems, such as the reusable launch vehicles, and systems with design commonality, such as satellite platforms or studies on common Moon/Mars exploration architectures mentioned before.
In this article, we intend to provide a more systematic review of the different aspects of reuse. The definition of reuse as per Dictionary.com provides a good starting point to do so:
Reuse is the 'act or process of using [knowledge, design artefacts or whole systems] again ' (Dictionary.com 'reuse', 2016) , which can occur in a new instance under the same or different conditions.
Reuse can have different dimensions and make use of different approaches.
A more theoretical analysis and classification of the different approaches is provided in section 'Classification of concepts of reuse', while the current status quo in space systems design is described thereafter.
Classification of concepts of reuse
As established earlier, a more systematic classification and analysis of reuse approaches is required in order to identify the right tools and processes to tackle specific problems for each of the reuse concepts. In order to classify the approaches, it is eminent to take on different viewpoints for conceptual clustering. Dusink et al. (1995) describe two essential viewpoints for reuse from a SW perspective, which can as well be applied to the more HW-focused domain of S/ C systems engineering (SE) and helps starting to cluster the types of reuse. The viewpoints are as follows: (1) from the engineer's side defining the actions and processes to be taken in a certain reuse case (the 'how') and (2) from system's side, describing the artefacts (the 'what'). Reuse objects can be anything essentially starting from the reuse of hardware (HW) and software (SW), over documentary artefacts, to a reuse of underlying knowledge and processes in the different stages of the product lifecycle. The creation of knowledge databases and processes creates the reusable assets, whereas the market analysis helps in planning and managing the reuse thereby helping in generating the mentioned consistency and maintenance.
A viewpoint closely related to (1) is the level of preparedness of the actual reuse, as it determines the available options for actions and processed to be taken in a certain reuse case. Preparedness distinguishes among two different options: the ad hoc reuse and the systematic reuse. While ad hoc reuse is without prior preparation and planning, the systematic reuse approach assumes much more upfront investment and strategic planning of the reuse case already with the first instance of the system. Often ad hoc reuse makes use of the socalled clone-and-own approach (Gery and Scouler, 2014) , meaning that one simply copies the original design and adapts it afterwards to the new use scenario.
Contrary to that, the upfront investment in systematic reuse thus is often also called 'design-for-reuse', as the suitability of the design for later reuse is already considered during the development. This requires a good understanding of current demands and trends in the market segment and how they drive the system design. Griss (1996) defines systematic reuse as an 'institutionalized organisational approach to product development in which reusable assets are purposely created or acquired, and then consistently used and maintained'. Dusink et al. (1995) also describe the transformationbased reuse, that is, automatic programming, which would analogously lead to automated design. In this type of reuse, the problem needs to be formulated such that a certain descriptive pattern can be used in each new instance to automatically (no humans involved) generate the outputs, that is, the system definition and design from a set of defined inputs. The work of Groß and Rudolph (2012) , for example, concentrates on the usage of a graph-based design language in UML to solve a given satellite system design problem. The effort required to generate the transformation is currently deemed much too high for any system deviating from a standard system, especially for systems in planetary exploration, which is why we exclude this type of reuse for the time being.
Similar to (a) and preparedness, reuse artefacts can be reviewed from another viewpoint, which is the granularity of reuse. As described earlier, reuse can happen on different levels of system decomposition, that is, the breaking down of the system-level design problem into smaller chunks. The granularity plays an important role, as more and more emergent behaviour needs to be taken into account when moving upwards from simple components to whole systems. Reuse at component level, for example, based on heritage, is not necessarily simple, as different operating conditions can affect component behaviour; for example, in electronics, temperature influences many parameters, supply bias levels can modify radiation tolerance or radiation can modify device characteristics, and all are subject to production scatter. The understanding of this emergent behaviour is an important task in the reuse preparation and in the actual reuse case. On the other side of the scale, NASA defines commonality as one important design strategy among elements of the whole architecture, which is reused to an extent where the occurrence of a certain element is maximized in a system architecture in order to benefit from economies of scale and minimize risk. In order to cope with such cases, Crawley et al. (2010) have published a set of methods and tools providing commonality adopters with the means to enable strategic decisionmaking about commonality.
With these viewpoints in mind, several questions can be derived as follows:
What artefacts are going to be reused? How do you integrate them to generate good reuse results? What processes are going to be changed in the light of reuse throughout all the phases of systems development including definition, design, development, production, verification and operation?
We intend to answer these questions further in this article. In general, it can be said that chances for reuse and reuse design process efficiencies increase if the reuse is taken on systematically and if the respective reuse artefacts are readily available once the reuse case becomes acute. As we will show later, this is where model-based systems engineering (MBSE) will come into play by showing off its most prominent benefits.
Reuse in the light of the system development process
The current system development process is streamlined to fulfil the needs of the different phases of the product development cycle which starts with the definition, proceeds along design, fabrication, integration and test and finishes with the operation of the system. Surely, it is of outmost importance to seek improvements in SE processes throughout all these phases, as more effective processes lay the foundation for cost and time savings, for example, the reuse of MEX spare parts and MEX design for VEX helped to reduce the development time by 40% from 5 down to 3 years.
Moreover, knowledge capture and reuse has been identified as an important aspect in SE throughout the product lifecycle. Davenport et al. (1997) define knowledge management (KM) as the management of a company's knowledge through a systematic and organized process. It includes processes from acquiring to sharing and retrieving both forms of knowledge, the tacit and the explicit knowledge. While explicit knowledge is the codification of facts stored in documents, databases and so on, tacit knowledge is the know-how, the type of knowledge that lies in the people and their experience. Undoubted, the former is easier to grasp and 'manage' than the latter. Still, many approaches exist in the space industry to preserve knowledge, for example, for longduration missions like Rosetta or whole exploration programs like the JPL Mars Program. The overarching aim is to learn from past mistakes. For this purpose, procedures based on lessons learned documentation but also risk-focused documentation and proper document storage are studied (NASA Jet Propulsion Laboratory, 2014; Olla and Holm, 2006) . Paris- Lopez et al. (2013) describe processes for managing explicit knowledge generated during the concurrent engineering (CE) process in a space systems research institute, with specific focus on documentation and CE study artefacts, while others such as Prasad and Rogers (2005) have described a knowledge-based SE process that makes use of explicit and tacit knowledge to support mechanical design of component assemblies. The approach based on part templates and given requirements is fully compatible with and implemented in CATIA V5 and includes a product development taxonomy that allows the transformation of input specifications to a product realization using knowledge stored in template descriptions. While this approach is similar to our approach in the general way of applying existing knowledge about the transformation from customer input to product embodiment, we intend to specifically look at reuse of the main critical artefacts that are generated during the mission and system definition of a S/C and their reuse, that is, including all the mission-and system-relevant views (scientific, mechanical, electrical, functional), but on a higher level than what has been described before. Our objective is to present options to improve SE methods throughout the first two phases of space mission design for the special case of design reuse and by applying methods of the newly arising discipline of MBSE. In order to do so, we first characterize the fundamental tasks in SE, including the relatively new concept of MBSE, and later on analyse the deviations in a specific reuse case.
SE processes and the visionary concept of MBSE
Typically, SE aims at answering the questions of (1) are we building the right system? (i.e. requirements validation) and (2) are we building the system right? (i.e. system verification). In the early phases, this comprises task such as: requirements definition, mission architecting and mission concept determination, definition and analysis of typical performance measures, performance of trade studies for technical solutions, demonstration of the overall feasibility of the design, accompaniment of initial technology studies and breadboarding for critical technologies. These tasks produce a bunch of system-level documents ranging from requirements documents to design and interface descriptions throughout all the system lifecycle phases. A typical process model for the system lifecycle is the classical V-model, which is a good representation of the sequential system development and iterative refinement (International Council on Systems Engineering (INCOSE), 2015). The VeeModel depicts the classical steps in the system development lifecycle that are taken in order to realize the iterative refinement. This includes requirements engineering, system architecting, and detailed design and fabrication up to verification and deployment. Especially, the first two elements are of high importance to the system lifecycle as they drive all upcoming phases and thus shall later be discussed more in detail regarding their part in the reuse process.
The MBSE approach as defined in INCOSE SE Vision 2020 (INCOSE, 2007) has been created with the vision of using models instead of documents as the formal resource for all the standard system engineering activities. In general, many types of system models (SMs) can be created ranging from physical breadboards, analytical models, behavioural models (e.g. state machines or functional flow diagrams) to whole computer simulations, but the MBSE approach aims to integrate all the above and link them with a coherent SM to which formal methods have been applied and which serves as the single and controlled source of information about the system. As Friedenthal et al. (2014) pointed out, MBSE can provide many benefits such as improved communications and increase in system technical management capabilities. In light of our theme, that is, the design reuse, MBSE promises benefits regarding the faster analysis of requirements changes and design change propagation. Long (2016) analyses the benefits and pitfalls of reuse in MBSE. A critical aspect is the model generalization for reuse, which as Long points out only creates overhead for which resources are not abundant in most cases. We have also realized that generalization of models is limited to a certain level, above which it requires more work to generalize the model than it requires creating a new model. Long, however, points out the usefulness of models in product lines, where one can efficiently reuse a high-fidelity model of a system for change impact analysis and 'elicitation of emergent behaviour'.
A number of methodologies are currently in use in the community, the Vitech MBSE methodology (Childers and Long, 1994) , the Systems Modeling Toolbox (SYSMOD) approach (Weilkiens, 2007) , the IBM Rational Harmony for Systems Engineering methodology (Hoffmann, 2011) and the INCOSE ObjectOriented Systems Engineering Method (OOSEM; Friedenthal et al., 2006) , among others. Estefan (2008) provides an extensive overview of these methodologies and others. Of the mentioned methodologies, the OOSEM approach combines best foundational SE processes with OO processes, which is why this approach served as the starting point for our investigations. We have also used the Vitech tools and methodologies, which are presented elsewhere (Kretzenbacher et al., 2016) . Finally, the German Aerospace Center's (DLR) internally developed Virtual Satellite (VirSat) is integrating MBSE into CE processes in DLR's Concurrent Engineering Facility (CEF; Schaus et al., 2010) and now progressing towards a whole lifecycle support with respective methods being under development. MBSE insights gained with existing methodologies are used in order to support the VirSat evolution.
OOSEM is one of the many OO approaches, which originated in the SW world and is based on fundamental terms such as 'inheritance', that is, the propagation of general properties of types of components to the specific 'instantiation' another important concept of OO, which is essentially the reuse of the general concept in a specific setting. Approaches of inheritance can also be found in MBSE tools heavily used and developed within the space industry, such as ESA's Open Concurrent Design Tool (OCDT; Ferreira et al., 2014) for CE use cases as well as the Virtual Spacecraft Design (European Space Agency, 2016) for later phases. The aforementioned DLR's VirSat falls in the same categories and is a research tool at DLR and used within the DLR CE environment as well as for later phases. These tools allow defining the component specifications first. Later when defining the configuration of the S/C, the information already provided by the specifications can be inherited. As an example a type of reaction wheel is defined once but used four times in the S/C configuration. All four reaction wheels now inherit all properties as defined in the specification. This actually allows reuse by copying existing specifications into new projects and helps maintain consistency in the models when applying changes to the specification level. These approaches help deal with complex configuration control scenarios relevant for multi-mission platforms like Small Satellite Technology Platform (S2TEP), as described by Fischer et al. (2016b) .
Deviations in the process for reuse cases
Generally speaking, in the case of design reuse, the overarching chain of activities in the reuse case remains unchanged, that is to say, certain steps of the proven order of systems development will not be cut or orders will be reversed. This starts with the requirements engineering process, which can vary between simple cloning of the requirements and pasting of only relevant ones into a new requirements base, where the level of reuse initially depends on the goals of the new mission. The following task's extent, that is, the systems architecting and concepts development, is essentially depending on architectural similarity. In typical reuse cases we consider in this article, the architecting process is much reduced to local replacing of the architectural elements that cannot be taken over. In the development from MEX to VEX or from Mobile Asteroid Surface Scout (MASCOT) to MASCOT-2 and other follow-on studies, the system-level architecture was nearly identical, while environmental and science mission requirements were similar enough to allow almost complete reuse of the platform with minor modifications. This was not the case in the development from Rosetta to MEX or from Philae to MASCOT. In these cases, system architecture of the S/C itself, and in the case of the landers also the overlying architecture of the carrier mission, was substantially different, as well as the external environmental requirements influenced by the respective target body, which allowed only selected reuse of units or design experience from the earlier missions. Essentially, architectural similarity drives the reusability of the design. And with high similarity architecture reuse can be performed almost in a clone-and-own approach.
Essentially, the typical chain of activities as described earlier remains very similar comparing a high reuse and an entirely fresh design, although the weighting or effort of each individual step in this chain can vary to such a degree that some may appear to almost vanish (e.g. locally related system architecting), while others in relative contrast become entirely dominant (e.g. solution validity analysis) and new items may appear (e.g. local adaptation of system architecture to the reused solution). In this way, the general process of system development is overlaid with the principle processes of reuse as already described by Dusink et al. (1995) which comprises four steps: (1) finding the artefacts, (2) selecting the ones that are applicable for the reuse case, (3) understanding them and (4) adapting them if required. It is evident that an SE approach dominantly using MBSE methods can greatly benefit from what MBSE promises in each specific reuse case, but more so reuse is providing an excellent business case for MBSE with an increase in importance of using MBSE with increasing percentage of design reuse. Before we describe possible implementations of reuse processes using MBSE methodologies, we analyse typical reuse cases at DLR in two case studies in the chapter below.
Reuse in the CE environment
The CE environment (as it is realized in DLR and ESA) is a tool with underlying methodology used during system definition phase. As such, it aims at producing the typical artefacts of this phase, that is, system functional and physical architecture, concept of operations, preliminary system budgets and so on, thus confirming feasibility of the mission. Once these artefacts are documented in the model, they could, in principle, be reused in a clone-and-own kind of mode. The suitability of this approach, however, depends on the similarity of the missions. As described by Kretzenbacher et al. (2016) , the reuse of very specific descriptive architecture models to any new mission provides little benefit as too much remodelling is required. On the other hand, very generic models provide little starting advantage. What could be useful is a set of descriptive subsystem models which are connected to underlying analysis models providing first order estimations, for example, for photovoltaic panel designs or other aspects, which could then be fine-tuned by the domain expert. What has also proven useful is a database of existing components (which was implemented as a database of pdf files), which could as well be modelled as pluggable descriptive model elements (e.g. batteries with defined mass and energy).
Application examples
Asteroid nanolander variants
Planetary exploration is a special field in space systems development, which is subject to its own specific set of rules. On one hand, most planetary exploration systems are developed at the very forefront of technological feasibility with some of the most demanding system requirements often implied by the extreme environmental conditions the systems have to endure. On the other hand, they are subject to even more increased risk awareness and testing effort as compared to Earth orbiting satellites due to their infrequent occurrence and extremely high cost (although it has to be noted here that risk minimization and cost increase are a positive feedback loop). One extreme example is the section of landing systems, in which DLR is and has been actively engaged with the Philae lander (Ulamec et al., 2006) and the MASCOT.
The MASCOT lander is currently carried by the Japanese Hayabusa2 S/C to its target asteroid Ryugu (formerly 1999JU3) and is scheduled to land on the asteroid in 2018. In light of the currently highly active small body exploration community, the lander system's heritage and concept generates strong demand regarding reuse of the design for future missions to other small body targets. As such, these MASCOT follow-on cases provide excellent possibilities for investment in systematic reuse methods. The original MASCOT mission's main objective is to perform scientific in situ measurements on the asteroid's surface and some of its subsurface properties, thus enhancing the Hayabusa2 main mission objective, which aims at returning a context-characterized sample of the asteroid back to Earth. The system is designed to fly piggyback on the main S/C. Once separated from its carrier, it performs a ballistic descent from the Hayabusa2 down to the target asteroid, where it is expected to operate over two asteroid days using primary batteries and passive thermal control. During this time, it acquires scientific data at one landing site at least, with each of its four scientific instruments measuring at least once. It transmits all generated data to Earth using the main S/C as a relay station, but in general operates autonomously, that is, independent from ground-based command. The lander is a small and lightweight system (9.5 kg, size of a shoe box, see Figure 1 ) accommodating four scientific instruments predominantly designed for soil investigations and surface geophysics.
The MASCOT example has shown that low-cost exploration mission participation is possible. Design reuse, that is, the use of heritage systems and their designs, plays an important role if the MASCOT example is envisaged to be repeated. In fact, there is an actual business case or market existing for MASCOT type of systems to be carried along a bigger main S/C. The market is defined by two aspects: (1) the broad variety of rationales and scientific objectives that could be covered with a MASCOT type of lander and (2) the huge number of possible target bodies and their variety with respect to the environmental properties. As for the first aspect, a broad survey reveals that different rationales can lead to the addition of small landing packages to the main mission, ranging from surface context science for the larger mission via dedicated local scale investigations up to synergistic science between lander and orbiter, such as the subsurface radar imaging of the asteroid using low-frequency radar interaction between the lander and the orbiter (Kofman et al., 2015) . The overarching science objectives trace down to further detailed mission, system and measurement requirements, which lead to different payload combinations being chosen and requirements being imposed upon the system, that is, regarding its lifetime or surface mobility.
Upfront investment in researching and documenting characteristics of target environments that influence the reuse feasibility and the performance parameters of the system in the reuse case is required in order to systematically building up an understanding of the implications of reuse in different scenarios. The same holds for possible future mission opportunities and respective deployment strategies. This research has to be made available in order to facilitate the design in the reuse case and can equally be used in the case of 'design-for-reuse' to, for example, strategically determine commonality and variety for a set of missions. Given that a model generated with MBSE methods and tools can store such design information much more effectively (as compared to documents) and decrease the effort to retrieving these information and considering that an existing, wellunderstood design so modelled can serve as a running start for the initial stage of any derivative design, for example, in a computer-aided design (CAD)-supported CE study, this is a first hint regarding how MBSE will foster reuse, which will be shown more in detail later. Also, the models as generated in an MBSE environment provide excellent opportunities to store generic and catalogue data, for example, of different mission contexts that can be used in each specific instantiation of a reused system.
As for the second aspect as mentioned above, the aspect of varying targets, several possible targets for a MASCOT type of system have been investigated regarding the environmental properties. The target bodies range from very small moons of binary asteroid systems, for example, as Didymoon and Didymos, to near-Earth asteroids of different types and sizes, up to the smaller moons of planets, for example, the Martian moons Phobos and Deimos, and even to the surface of the Moon. The target body actually greatly influences the system design, as -together with the mission operations strategy of the mother S/C -it determines, for example, the applicable landing strategy and consequently drives the system design. However, high similarity and thus reuse potential can be achieved for bodies which are similar in size and heliocentric distance. Using the MBSE model database provides new means of making information about the environment accessible and introducing new views and means of supporting the design process.
Without actual hands-on knowledge regarding reuse requirements, explicit determination of effective methods is only speculation. This is when a specific reuse project comes in handy, more specifically the MASCOT-2 case, whose design stems from the heritage MASCOT mission (Ho et al., 2016) . By the beginning of 2015, the Asteroid Impact Monitoring (AIM) mission, the European part of the Asteroid Impact and Deflection Assessment (AIDA), had been gaining (1) MicrOmega, (2) MARA, (3) camera, (4) magnetometer and the bus equipment, (5) E-box and battery with attached mobility mechanism and (6) sub-radiator with mounted top antenna. momentum in the community. One of the primary mission objectives of AIM was to deploy a small landing package onto the moon of Didymos in order to enhance the overall science case and provide unique science in light of monitoring a S/C (the NASA part called DART) impacting onto a small body. Despite the scientific and technological challenges of the mission itself, the reuse case was used in order to study the actual requirements of tools and methods in SE and design regarding reuse. Future MASCOT variants, some of which are already under discussion, provide excellent means to investigate the established tools and methods.
The MASCOT-2 characteristics in contrast with the heritage design are shortly described hereafter. The most important design modification was made to the power subsystem: the primary battery of MASCOT is replaced by a rechargeable secondary battery, and all outer surfaces of the lander box are covered by photovoltaics. This enabled a long-term survival of the system instead of the limited lifetime of its successor. Several other design modifications were made in order to cope with the overall mission objectives, including the exchange of the main instrument. The design approach for the MASCOT-2 system was deviating from the standard process as described before, as the overall goal was not only to determine a feasible design solution but also to identify one which would have the smallest change as compared to MASCOT, due to cost reduction reasons. To elicit the required changes from MASCOT to MASCOT-2, the two aforementioned aspects of the (1) changed mission context and the (2) changed instrumentation had to be taken into account and the change impact onto the system design had to be determined. In this sense, the MASCOT-2 study served as an exploratory research study to determine the requirements regarding design reuse processes. These later formed the basis for selecting specific features of the overall MBSE approach for further detailed investigation, for example, within the S2TEP project, one pressing example promoting the importance of modified SE process in reuse cases.
Earth orbiting S2TEP
The DLR Institute of Space Systems is currently developing a technology-based approach to satellite platform design. The S2TEP (Dannemann and Jetzschmann, 2016 ) is a multi-mission endeavour envisioned to realize the long-term goals of DLR's space mission: costeffective platforms in shorter development times based on in-house developed technology that fosters a deeper understanding and provides means to actively produce novelty in space systems and subsystems designs. The first S2TEP satellite instantiated will be a micro-satellite class technology demonstration mission, using DLR HW for onboard computing, power conditioning and distribution and communication. It is scheduled to launch in 2019 as piggyback option on an as yet to be defined launcher.
The design of the 50-kg satellite is adapted to the needs of an envelope of possible instruments for Earth orbital science and technology demonstration payloads, offering scalability in subsystems such as attitude and orientation control system (AOCS) solar array (sizing), batteries, thermal S/S (heaters configuration) and structural payload support. The required range of adaptability becomes apparent with the range of proposals in response to a request for information regarding payload and technology demonstration interest. As analysis of all proposed equipment suggests, data rate and volume as well as computing power requirements vary over many orders of magnitude, though each independently of any other resource parameter. S2TEP is designed with flexibility regarding launch opportunities in mind and able to function in a range of low Earth orbits. The anticipated design evolution is shown in Figure 2 . While the first satellite will be based on offthe-shelf components, the final platform for satellite n shall rely only on the in-house technologies. This developed platform shall further on be used to fly a range of different payloads in missions in low earth orbit.
As the S2TEP project shall provide methods and process to systematically not only design satellite platforms but also plan and manage them, MBSE is an inherently important aspect of the ongoing work as it Figure 2 . S2TEP architecture and development approach based on DLR's avionics technologies (Fischer et al., 2016b) .
provides the means to reduce development effort for every new satellite that is going to be built. Engineering functionalities such as requirements management and interface control will be better handled, but also, for example, planning aspects that include the market analysis and the subsequent derivation of enveloping platform requirements including commonality and variety management. For each new instance of the satellite platform, that is, each new mission, the process to be followed in order to define its feasibility, the reuse factor and getting cost and effort approximations would be consisting of the steps as defined in Table 1 .
Reuse infrastructure provided by the MBSE framework
General approach
The chosen modelling language SysML is a graphbased language developed by the Object Management Group (OMG, 2015) . The language definition comes with a vocabulary, that is, a set of notations and their meaning and a grammar, that is, a set of rules that specify relationships between the vocabulary elements. Together, vocabulary and grammar determine the information of the model. Delligatti (2014) promotes the modelling language as one of the three pillars of MBSE, next to the already described methods and tools. In fact, it is the more fundamental conceptualization of the model definition. SysML as a descriptive language is able to model the system structure and its behaviour, using several diagram types such as block definition diagrams, use case diagrams or activity diagrams. We have adopted this language in our investigations for these specific characteristics. Using parametric diagrams, SysML also allows the creation of analytical models directly in SysML or the linkage of heritage analytical models written in external applications such as MATLAB. In the following section, we discuss some aspects of the MBSE methodologies and how they facilitate reuse.
Besides SysML, more individual domain-specific languages can be developed, that is, the DLR's VirSat uses an internally developed semantic model. This model, referred to as conceptual data model (CDM) or meta-model, provides the language for definition of the Table 1 . Steps in the design-with-reuse case including corresponding MBSE features and implementation comments for reuse.
Step
Corresponding SM. Fischer et al. (2016a) describe the current state of the CDM, which -as a modelling language -is much more specific than SysML/UML, since it is based on the ECSS Technical Memorandum E-TM-10-25 (ESA-ESTEC Requirements & Standards Division, 2010) which explicitly describes recommendations for modelbased data exchange for the early phases of S/C engineering design. By virtue of this specialization, the application of the CDM over SysML reduces ambiguity, which will narrow down modelling possibilities and therefore focus the interpretation of the model. On the other hand, the CDM in its current state is also much more restricted than SysML. Similar to OCDT, it provides capabilities to capture the product structure of a system as well as key performance indicators of CE studies such as masses of equipment within the SM, but it is not yet available for behavioural modelling, a very useful feature of SysML and respective tools. The MBSE environment has to provide tools to the engineers to use the language at hand (e.g. the CDM or SysML) to create a good representation of their design. Rather than focusing on SysML or UML as primary input language only, the use of an individual CDM allows defining the language artefacts actually needed and allows for a use case-specific tailoring. This is in particular important when using and reusing the model for on-the-fly analysis or artefact generation such as documents or code. VirSat's modularized CDM furthermore allows for tailoring and extension enabling new use cases for MBSE integration into a specific project as the needs arise. Since tools based on SysML and UML are considered well established in the MBSE field, it is intended to look at best practices and enable graphical modelling in VirSats where applicable. Still such diagrams in the VirSat world will focus on a restricted language to avoid ambiguities in the SM later. The configurations of the VirSat according to the systems development phases are schematically shown in Figure 3 , along with the main use cases valid for the respective phases.
Analysis of reuse needs and mapping to MBSE
As mentioned earlier, the MASCOT-2 study was used to elicit requirements to being imposed on the reuse processes and tools. As such, the development process along the MASCOT-2 study was documented and analysed a posteriori to provide insights into the needs of reuse. The most relevant qualitative observations are summarized in Table 1 as a sequence of five steps that were performed sequentially and also iteratively. Corresponding interesting MBSE features were identified and implementation aspects defined based on the current knowledge about MBSE. Based on these insights, the following factors contributing to the success of the design reuse case have been established: 1. Complete, documented, browsable requirements from heritage system; 2. Existence and quality of traceability of requirements to subsystems and components; 3. Detailed and documented understanding of the implications of the environmental change onto the design; 4. Profound understanding of propagation of change through the system to correctly and early on estimate the required redesign effort; 5. Differentiation according to the level of detail needed at the current stage of the reusing project or study. (Fischer et al., 2016b) .
In addition to the observations as documented in Table 1 , the following overall observations were obtained:
Rework. Work already done, sometimes in very detailed form, is redone, often at the basic level of initial study phases, due to insufficient and inconsistent documentation; finding information in very detailed documents is cumbersome, as the required information cannot be filtered out, also of overwhelming detail, and leads to situations where the design is simply redone on a blank sheet hoping that this would be shorter than reusing former artefacts. Quality of the solution. Often, it was unclear what documents reflect the as-built standard -inconsistencies in available documentation lead to erroneous assumptions and a lack of understanding of the propagation of change through the system leads to an underestimation of redesign effort. Information overload. Too much information and detail can complicate the design process in the early stage, which leads to the engineer's individual decision to better start new than trying to understand a complicated and detailed knowledge base. It could be an option to realize a kind of filter that filters the available information according to the respective design stage or maximum to the next detailed level.
Following the above-mentioned analysis, application studies with MBSE were being performed in order to evaluate the corresponding promises of MBSE features and derive application and implementation recommendations. In order to provide reusable artefacts, the system structure for sample application case has been modelled first and foremost using descriptive modelling. This allows the storage of design information of subsystems and their interfaces. Behavioural modelling is possible using activity and state machine diagrams, which are in turn linked to mathematical models that determine resources consumption. This way, a certain operational scenario, linked to properties of the system and its subsystem, can be assessed regarding its feasibility and linked to requirements for their validation. The mentioned features were readily available using MagicDraw with the respective MBSE plugins and built-in tools. Using the new VirSat tool currently allows establishing a descriptive model of the system's functional electrical architecture; future functionalities are being implemented according to the specific reuse case (see Table 1 and Figure 3 ). Other useful functionalities are being described below.
Specific key functionalities
Requirements elicitation
Requirements elicitation, typically a very important step in the system definition phase, can be greatly improved regarding its efficiency and effectiveness in case of design with reuse, as naturally the requirements do not need to be derived from scratch, but rather undergo a kind of screening and modification phase. The MASCOT-2 reuse case has shown that the quality of available requirements highly influences the reusability. Altogether, an estimated amount of 44% of the MASCOT-2 mission and system-level requirements were reused from MASCOT, partly as is and partly modified. The required quality improvements to the requirements identification as obtained and requested by the stakeholders of MASCOT-2 lead to a total of 69 new requirements, which will provide benefits to future instantiations of the MASCOT type of lander design. The requirements included mission, system-level and programmatic requirements. Using MBSE methods, the requirements identification process is actually improved, as the requirements are already a part of the model of the system that is to be reused or of the overall modelling framework. They are modelled using the SysML semantics in Requirements Diagrams or can be stored in tables, but the real power is in the linkage to the structure and behaviour of the system, that is, the traceability. If traceability is properly modelled using the SysML-specific notation (e.g. 'derived' or 'verifies'), this allows a kind of automatic verification of the requirements within the model and thus eases the design process and simplifies decision-making. In a specific reuse case, the existing requirements can be used in different ways, either by 'cloning and owning' them including their traceability or using so-called requirements ontologies. Research regarding this aspect has been performed by Antonini et al. (2014) and investigations are under way as to how to integrate these aspects into the existing MBSE environment.
Mission and system context
The mission context defines the external boundaries of the system including all external actors interacting with the developed system. The modelling of the context thereby provides a means to capture influencing environmental parameters, such as the surface temperature or gravity of the asteroid in case of the asteroid lander and linking them to the respective behavioural and parametric analytic system performance models. Figure 4 shows a sample block definition diagram with the natural environment and target body influencing parameters. This process is also depicted in Figure 4 . In order to analyse the system performance, behavioural modelling is required that represents the different states that the system undergoes during its operation apart from the static system properties. An example would be a power consumption which is coupled to certain system and subsystem states. This behavioural modelling is coupled with the dynamical (time-dependent) analysis model. Performance characteristics are being fed back to the SM and can provide means to perform requirements compliance. Reuse of analysis models is more widespread in SE than of descriptive models. Properly parameterized, analysis models are maintained over long periods of a working life of a respective engineer or working group. The power of these parameterized models arises when they are connected with and fed by the descriptive model, such as it is described in this section and shown in Figure 4 .
(Payload) Interface control
In traditional document-centric SE, interface descriptions are stored in documents, where they can mostly be found in drawings. This representation is, in principle, easy to capture, but complications arise when specifications will be updated and checked for consistency or in a reuse case, when the system platform design is supposed to be reused with a different payload. In this case, the modelling approach allows contrasting existing and required interfaces on both sides and analysing them regarding their compatibility. Thus, feasibility in case of system-level reuse can be assessed quickly. Typically, tools provide model validation capabilities using pre-or user-defined rules. One of such rules could be to check the compatibility of interfaces, which could be as simple as checking whether both ends of the interface are of the same type or more complex, that is, checking for voltage level's compatibility between a power conditioning and distribution unit (PCDU) and payload. An example of how this could be done using MagicDraw is provided in Figure 5 .
Requirements for strategic reuse
The aforementioned aspects show how certain functionalities of MBSE can enhance each ad hoc reuse case. The full power of MBSE emerges in case of product platform developments such as the S2TEP satellite, which represents our second use case. Within the S2TEP project, we are currently producing the first SM, which not only will be used along the lifecycle of the first mission but also will be taken as reference for the next instantiation. The S2TEP platform is designed to provide flexibility and thus adaptability to a range of different missions and payloads, for example, by implementing a mix of scalability and modularity on subsystem level. While the use cases are similar to the presented MASCOT case, here the reuse is already intended at the design stage. Thus, the SM shall reflect the flexibility of the system designed already identified with the first satellite instance. Later on, the established SM can be reused to decrease system design time and cost, for example, by setting the flexible parameters. Naturally, further modifications to the system design will arise during upcoming missions, which will be reflected in the model. A whole set of models will evolve along the timeline of more missions to come (see Figure 6 ), which will have to be managed, maintained and evolved. Information consistency is an important aspect to keeping the model(s) up to date, thus technological modifications made to the platform in later instances need to be reflected in the common model. This brings up further interesting aspects such as variant modelling. Naturally, each reuse of the model will increase the efficiency of the systems design and development process, further attributing to the reduction in cost for future subsequent missions, which is the ultimate goal of the endeavour.
Model suitability for reuse
The suitable version of the model depends on the question at hand. There are two aspects to be considered here: the build model with the respective data accuracy and the data model level of detail. The build model represents the actual HW pendant. Naturally, it makes most sense to use the flight model (FM) (e.g. physical) for interface compatibility checking, as only this one provides the as-built information, which is required to determine whether, for example, a new instrument would fit with the reused bus. Also, the FM should contain the most accurate data, which could make a difference, for example, for voltage-level compatibility issues. On the other hand, the level of detail of an FM could be too high and could lead to confusion when reusing it. For this, it is required to provide restricted views onto the model. MagicDraw, implementing SysML, provides these capabilities via the creation of specific diagrams which do not need to contain all information, but rather can be built to provide only the information required for a specific task (i.e. only power interfaces of a certain model element). Still, this capability provides an advantage as compared to having to read through, for example, the FM acceptance data package documentation in order to obtain the respective information.
Conclusion and outlook
This article describes a first step to systematically approaching the topic of reuse and how to integrate different approaches regarding reuse in an MBSE framework. Based on the literature research presented, it is clear that design and direct HW reuse is a relevant topic and is and has been practiced already successfully, for example, in the VEX system design. It is evident that reuse of any kind saves time, if it is implemented correctly. Certain risks and problems exist and have been described, for example, based on the MASCOT-2 study in the article, consequently leading to the proposal of MBSE as a risk mitigation and problem prevention methodology. The MASCOT-2 study has shown the need for a systematic approach in reuse, which is based on the typical process model of the system lifecycle being adapted and overlaid with the reuse analysis and verification. The latter task for each step in the process is different depending on the respective step. Some examples for how it is done during requirements elicitation and mission context analysis as well as throughout the phases for interface control have been shown in the article. This is an important first step and shall be followed by a broader verification of the given prescriptions. Based on the identified topics, the next step will be the verification and evaluation of processes using the proposed methods. This will enable us to analyse the factors that prohibit and contribute to success of reuse and thereby evaluating the real benefit of MBSE according to the documented use cases. At the current point in time, it is difficult to establish metrics for quantitative merit analysis. In general, the inclusion of metrics quantifying methodological improvements, of which project cost, duration, number of failures in a project and others could be candidates, requires carefully undertaken case studies on (ideally more than one) real projects which run for several years in order to determine cost and time improvement metrics. Still, a one-to-one comparison would not be possible as the established metrics could only be compared to similar but not identical projects. What is possible is to gather more sample use cases and qualitatively compare the two approaches, what we intended to provide exemplarily in this article and will further investigate more in detail in the future. If MBSE, as outlined in the INCOSE Vision 2020, becomes the future standard for practicing SE, the established benefits applicable to reuse cases can be used for every use case possible, and the gained knowledge and confidence with the available tools can be further expanded upon.
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